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Abstract
Blends using concentrated (25 35 wt %) piperazine (PZ) were characterized as solvents for CO2 capture at 
typical coal flue gas conditions. The new blends are 6 m PZ/2 m hexamethylenediamine (HMDA), 6 m PZ/2 m 
diaminobutane (DAB), 6 m PZ/2 m bis(aminoethyl)ether (BAE), 5 m PZ/2 m aminoethylpiperazine (AEP), and 5 m 
PZ/2.3 m 2-amino 2-methyl-propanol (AMP). The CO2 absorption rate of the blends was measured using a wetted 
wall column (WWC). The CO2 vapor liquid equilibrium was measured at 20 160 °C.  Amine vapor pressure
measurements are reported to show potential volatility at practical conditions. The rate of thermal degradation was
measured from 135 to 175 °C.  Oxidative degradation was measured in two semi-batch experiments with different O2
rate at absorber conditions. Advanced parameters are introduced to demonstrate the overall rate and energy 
performance of the solvents in a real process. The performance of 7 m MEA, 8 m PZ, and six other competitive PZ
blends are evaluated based on previous results and presented as basis of comparison.
All of the PZ blends have better solubility window than 8 m PZ, with no precipitation at rich loading.  The
absorption rate of the concentrated PZ blends is similar to that of 8 m PZ and 1.5 2 times higher than 7 m MEA; the 
solvent capacity is about 20% lower than 8 m PZ and 15% higher than 7 m MEA.  Among all of the PZ blends, 5 m 
PZ/5 m MDEA has the best combination of rate and capacity. Blends using HMDA, AEP, BAE, AMP, and MEA 
have a high heat of CO2 absorption.  Blends using MEA, MDEA, and AMP are not thermally stable, while other 
blends have good thermal stability. The combination of high Habs and thermal stability leads to good overall energy 
performance, which is observed for 6 m PZ/2 m HMDA, 6 m PZ/2 m BAE and 5 m PZ/2 m AEP.  AMP has
relatively high volatility, whereas BAE and AEP are expected to have low volatilities.  The only drawback of 6 m 
PZ/2 m BAE is its high oxidation rate. 6 m PZ/2 m HMDA and 6 m PZ/2 m DAB have good oxidative stability. 
PZ blends using low viscosity amines will have high absorption rate, and tertiary and hindered amines will
contribute to high capacity.  Amines with high pKa will improve the blend Habs.  For thermal stability, alkanolamines
should not be used together with PZ. Highly viscous blends such as 6 m PZ/2 m HMDA are expected to have 10
20% higher cost associated with cross-exchanger design and operation than solvents with low viscosity.
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1. Introduction 
Recent studies show 8 m piperazine (40 wt% PZ) has superior performance to the previous industry 
standard, 7 m monoethanolamine (30 wt% MEA).  At process conditions, 8 m PZ has double the 
absorption rate and cyclic CO2 capacity of 7 m MEA.  Compared to MEA, PZ is more stable at high 
temperature and less prone to oxidation.  Also, 8 m PZ has lower volatility than 7 m MEA.  These 
physical and chemical advantages of 8 m PZ translate into an expected energy cost of 220 kWh/tonne 
CO2 with optimized process design, which is the new standard for amine scrubbing [1].   
 
The major disadvantage of 8 m PZ is limited solvent solubility, where solid precipitation occurs at 
both low and high CO2 loading.  While 8 m PZ can be safely used as an aqueous solvent at its optimum 
loading range (between 0.26 and 0.42 mol CO2/ equivPZ) above 20 °C, it can be problematic in case of 
process upsets and temperature fluctuation.  Advanced control mechanisms can help ensure proper 
operation, though these would incur additional cost and demand advanced handling techniques.  Due to 
its solubility limitations, historically PZ has been mainly used at low concentration (< 10 wt %) as a 
promoter for amines with slow reaction rates.  However, most of these PZ-promoted solvents lose one or 
more other performance advantages of 8 m PZ because the amount of PZ present is too low.   
 
This work evaluates the performance of amine blends using concentrated PZ (25 35 wt%).  Using a 
larger amount of PZ is expected to maximize the advantages of PZ.  Since the solid solubility window for 
PZ solvents becomes more limited with increased PZ, slightly reducing the PZ from 8 m by replacing it 
with other highly performing amines will improve or eliminate the precipitation problem.  The 
characterized blends are 6 m PZ/2 m hexamethylenediamine (HMDA), 6 m PZ/2 m diaminobutane 
(DAB), 6 m PZ/2 m bis(aminoethyl)ether (BAE), 5 m PZ/2 m N-2(aminoethyl)piperazine (AEP),  and 5 
m PZ/2.3 m 2-amino 2-methyl-propanol (AMP).  The chemical structures of the amines are in Table 1.  
 
Table 1: Molecular structure of amines used in new blends with concentrated PZ 
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The blends were tested experimentally at relevant process conditions for solid precipitation limits, 
absorption rate, CO2 cyclic capacity, heat of CO2 absorption, rates of thermal and oxidative degradation, 
and amine volatility.  Previous modelling for coal flue gas (12 kPa CO2) shows 8 m PZ to have the best 
energy performance when the absorber operates with the solvent having equilibrium partial pressure 
Selection and/or pe r- eview under responsibility of GH T
 Le Li et al. /  Energy Procedia  37 ( 2013 )  353 – 369 355
(PCO2*) of 0.5 and 5 kPa at 40 oC at the top and bottom of the absorber, respectively [2, 3].  Thus, the 
nominal lean and rich loading for a solvent are defined as the liquid CO2 loading (mol CO2/equiv N) that 
correspond to PCO2* of 0.5 and 5 kPa at 40 °C, respectively.  It is important to evaluate solvents within the 
range of these conditions because it provides a common basis for comparison.    
 
This work offers a comprehensive evaluation of solvents where several important properties are 
presented together and interpreted interdependently to demonstrate the trade-off necessary in choosing 
solvents.  Advanced parameters are introduced to interpret basic solvent properties, which can be used 
directly to suggest process performance such as required absorber packing area, maximum stripper 
operating temperature and pressure, and heat exchanger size.  Also, a review of published results on other 
PZ blends is included in order to evaluate new solvents in relation to their competitors.  The new PZ 
blends are compared against 1) base case amine solvents such as 8 m PZ and 7 m MEA, 2) blends with 
less PZ concentration (20 wt %) including 4 m PZ/4 m 2-methylpiperazine (2MPZ), 3.75 m 1-
methylpiperazine (1MPZ)/3.75 m PZ/0.5 m 1,4-dimethylpiperazine (1,4-DMPZ), 5 m MDEA/5 m PZ, 
and 3) blends with low PZ concentrations (10 wt %) such as 7 m methydiethylamine (MDEA)/2 m PZ, 7 
m MEA/2 m PZ, and 4 m AMP/2 m PZ.   
 
Detailed experimental results related to this work also presented at GHGT-11 include: AMP/PZ [7], 
CO2 rates and VLE in blended amines [12], AEP/PZ [8], 4 m PZ/4 m 2MPZ [21], and thermal 
degradation [11]. 
2. Results 
2.1. CO2 Absorption rate 
The absorption rate of CO2 was measured at 40 °C and variable CO2 loading ( CO2) using a bench 
scale wetted wall column.  The experimental apparatus and methods are identical to those used by Chen 
[4].  The measured rate is reported as kg  side mass transfer coefficient, defined as the 
ratio of the CO2 mass transfer flux over the liquid side driving force expressed in partial pressure units 
(Equation 1). 
        (1) 
Absorption of CO2 by aqueous amines is controlled by diffusion with fast chemical reaction in the 
liquid boundary layer [1].  In most practical absorber conditions, the pseudo first order (PFO) 
approximation can be applied to the kinetics of CO2 and amine reaction, which assumes the concentration 
of free amine is constant across the reaction boundary layer and equal to the bulk concentration.  In this 
approximation, kg 2 in the liquid (DCO2), the reaction rate constant of 
CO2 and the amine (k2
CO2 over the solvent (HCO2): 
      (2) 
While it is common to use k2 as the key property when comparing absorption rates of different amines, it 
neglects the important differences in DCO2, speciation, and physical solubility between solvents.  The use 
of kg 2 absorption rates in a 
real absorber.   
The measured rate at 40 °C for the concentrated PZ blends and other PZ blends is shown in Figures 1 
and 2.  kg CO2* between 0.5 and 5 kPa, which represents solvent loading at the top and 
bottom of a typical absorber.  The results for the blends are compared against 8 m PZ and 7 m MEA [5].   
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Figure 1: CO2 absorption rate at 40 °C for concentrated PZ blends. Compared with 8 m 
PZ and 7 m MEA (solid and dashed black lines, Ref [5]). 
 
 
Figure 2: CO2 absorption rate at 40 °C for other PZ blends. 7 m MDEA/2 m PZ, 5 m 
MDEA/5 m PZ, PZ/1MPZ/1,4DMPZ, 4m 2MPZ/4 m PZ [4]; 7 m MDEA/2 m PZ [5]; 4 
m AMP/2 m PZ [7]. 
 
Concentrated PZ blends have similar kg
is slower than 8 m PZ and close to 7 m MEA at rich loading.  The low rate of 6 m HMDA/2 m PZ is due 
1.E-07 
1.E-06 
500 5000 
k g
' (
m
ol
/P
a 
m
2  
s)
 
PCO2* (Pa) 
8 m PZ 
7m MEA 
PZ/1MPZ/DMPZ 
2m PZ / 7 m MEA  
4 m PZ/4m 2MPZ 
2m PZ / 4 m AMP 
2m PZ /7m MDEA 
5m PZ /5m MDEA 
1.E-07 
1.E-06 
500 5000 
k g
' (
m
ol
/P
a 
 m
2
 
PCO2*(Pa) 
6 m PZ /2 m HMDA 
5 m PZ/2 m AEP 
6 m PZ /2 m DAB 
6 m PZ/2 m BAE 
8 m PZ 
7m MEA 
5 m PZ /2.3 m AMP 
 Le Li et al. /  Energy Procedia  37 ( 2013 )  353 – 369 357
to its high viscosity and higher lean loading (Table 2).  High viscosity leads to lower DCO2; and a higher 
lean loading corresponds to liquid speciation with less free amine for reaction, both contribute to a lower 
value of kg Equation 2).  The rates of blends with less PZ are in the same range as 8 m PZ and most of 
the concentrated PZ blends (Figure 2).   
 
Table 2: Summary of composition, solvent solubility, and absorption rates for PZ blends 
PZ Amine Solid limita  kg  avg (40 °C) Ap/Vg d Lean ldg 
m wt% m wt% Low High mol/Pa s m2 x103 m2/(m3/s) cP mol /mol N 
6 29.5 HMDA (2) 13.3 0.35 c no 4.9 h 3.1 15.4 0.37 
6 30.5 DAB (2) 10.4 0.26 c no 7.1 h 2.1 11.6 0.34 
6 30.0 BAE (2) 12.1 0.30  c no 7.3 h 2.1 11.7 0.33 
5 25.5 AEP (2) 15.3 0.22 no 8.1 h 1.8 10.9 0.30 
5 36.5 AMP (2.3) 10.8 0.2 b no 7.5 f 2.0 9.5 0.33 
5 21.3 MDEA (5) 29.4 no no 8.5 e 1.8 13.2 0.21 
4 19.8 2MPZ (4) 22.9 0.11 no 7.1 e 2.1 10.5 0.30 
3.75 18.4 
1MPZ (3.75)  / 
1,4DMPZ (0.5) 
21.4   
/ 3 
0.19 c no 8.5 e 1.8 12.4 0.23 
2 11.3 AMP (4) 23.3 no no 8.3 f 1.8 5.4 0.33 
2 10.8 MEA (7) 26.7 no no 6.9 g 2.2 0.38 
2 8.6 MDEA (7) 41.6 no no 7.2 e 2.1 9 0.13 
8 40 none 0.26    0.42 c 8.5 g 1.8 10.8 0.31 
none MEA (7) 30 no no 4.3 g 3.5 3 0.43 
a The CO2 loading where solid/liquid transition occurs at 20 °C.  Solvent precipitates at loading lower than the lean limit         
   and higher than the rich limit. 
b Estimation based on measurements of PZ/AMP blends at other concentrations [7]. 
c Lowest /highest loading where no precipitation was observed,  solubility window at least reaches to this point   
d The average viscosity between lean and rich loading at 40 °C, also see Table 5. 
e Ref [4]; f Ref [7]; g Ref [5]; h Ref [12 ] 
 
The measured kg rate performance in a real absorber.  First, the log 
mean average absorption rate (kg avg) can be calculated using Equation 3: 
  (3) 
For each solvent, kg avg is calculated for an isothermal absorber at 40 °C for coal flue gas and 90% CO2 
removal.  The PCO2 at the bottom and top of the absorber are 12 and 1.2 kPa, the rich and lean PCO2* are 5 
and 0.5 kPa.  Experimental values at 40 °C are used to interpolate kg CO2* at 5 and 
0.5 kPa, which are then used to calculate the corresponding flux.  kg avg is a simple approach to account 
for the variation in kg 2 loading.  
A linear profile of CO2 driving force between the top and bottom of the column are assumed in the 
derivation of kg avg.  Also, the gas film resistance is assumed to be negligible, and the overall gas side 
mass transfer coefficient (KG) is equal to the liquid film coefficient (kg g avg is a useful parameter 
because it allows for simple comparison of absorption rate of solvents.  Also, the kg avg for each solvent 
can be used to calculate the required packing area (Ap) per volumetric unit of flue gas rate (Vg) using 
Equation 4: 
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    (4) 
The calculated kg avg and Ap/Vg for each solvent at coal flue gas conditions are summarized in Table 2.    
With higher absorption rate (kg avg), less packing (Ap/Vg) is required to achieve the same level of 
removal.  Blends with different PZ concentration have about the same rate performance as 8 m PZ, and 
are about 1.5 to 2 times that of 7 m MEA.  The amount of PZ in the solvent and the reaction kinetics of 
the other amine have little effect on the kg blend.  Instead, the variation in kg  strongly depends on 
solvent lean loading and viscosity.   
2.2. Solid solubility 
The solid solubility limits for 8 m PZ were determined by measuring the transition temperatures of the 
solvent at various CO2 loading [6].  The same method was used to find the solubility limits for 5 m PZ/2 
m AEP [8] and 4 m PZ/4 m 2MPZ [13].  For 3.75 PZ/3.75/1MPZ/0.5 1,4 DMPZ, and the rich end 
boundary of 8 m PZ, the exact transition points cannot be easily measured.  Instead, the points closest to 
the transition boundary at which the solvent is still soluble are reported.  Precipitation is expected at 
loading lower than the measured boundary for 3.75 PZ/3.75 1MPZ/0.5 1,4 DMPZ, and at loading higher 
than the rich side boundary for 8 m PZ.  For other PZ blends, the solvent solubility was tested at 0 °C or 
room temperature at loading close to the nominal lean and rich conditions.  The measured solid/liquid 
transition boundaries for the blends are shown in Figure 3.  The solubility windows for the blends at 
20 °C are summarized in Table 2.  
 
Figure 3: The solid/liquid boundary of 8 m PZ and PZ blends.  Solid lines: transition 
temperature vs. loading [6, 8, 13].  Dash lines: at proximity to transition boundary, within 
which the solvent is soluble [6, 13].  Empty points: the blends are soluble at this loading or 
higher. Solid points: the blends are not soluble at this loading or lower. 
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None of the PZ blends have solubility limitations at rich loading, which is an advantage over 8 m PZ 
which precipitates at CO2 loading of 0.45 mol/mol N up to 40 °C.  At room temperature, 6 m PZ/2 m 
HMDA precipitates at CO2 loading lower than 0.3, which is more limiting than 8 m PZ.  Other PZ blends 
have either less restricting solubility boundaries in the low loading range than 8 m PZ or no precipitation.   
2.3. CO2 solubility 
Table 3: Parameters for the semi-empirical model (Equation 5) for PZ blends 
(m) PZ (m) Am a b c d e f R2 
6 / 2 HMDA c 0 0 230 ± 8 -368 ± 21 -72489 ± 2900 130983 ± 7402 1.000 
6 / 2 DAB c 41.2 ± 4.1 -16399 ± 1231 -27.3 ± 10.4 0 30302 ± 4312 -16358 ± 6569 0.992 
6 / 2 BAE c 0 0 190 ± 7 -264 ± 18 -56669 ± 2386 91862 ± 6373 1.000 
5 / 2 AEP c 58.3 ± 12.3 -17587 ± 4184 -138 ± 81 200 ± 131 42830 ± 27306 -47262 ± 44107 0.998 
5 / 2.3 AMP b 23. 9± 6.6 -6575 ± 2527 88.5 ± 35.6 -160 ± 47 -28165 ± 13518 60725 ± 17866 0.999 
2 / 4 AMP b 31.4 ± 4.2 -8654 ± 1562 32.4 ± 23.1 -55.9 ± 30.9 -9562 ± 8362 22848 ± 10997 0.999 
4 / 4 2MPZ a 40.1 ± 0.8 -12807 ± 266 -21.3 ± 2.4 0 14114 ± 837 0 0.999 
3.75 / (3.75) 1MPZ 
(0.5) 1,4DMPZ a 34.5 ± 0.1 -10629 ± 54 0 0 7578 ± 120 0 1.000 
5 / 5 MDEAa 36.1 ± 0.2 -11199 ± 173 0 -29.1 ± 4.3 10551 ± 772 0 1.000 
2 / 7 MDEA* 34.2 ± 0.4 -9807 ± 137 0 -30.4 ± 3.1 8927 ± 345 0 0.999 
2 / 7 MEA* 20.5 ± 7.6 -6364 ± 2521 95.8 ± 46.8 -144 ± 70 -27747 ± 15544 52307 ± 23248 0.999 
8 m PZ a 35.3 ± 0.3 -11054 ± 120 0 -18.9 ± 2.7 4958 ± 347 10163 ± 1085 0.993 
7 m MEA a 38.6 ± 0.4 -12379 ± 139 0 -16 ± 2.5 3556 ± 231 8702 ± 932 0.994 
a Ref [9]; b Ref [7]; c Ref [12]  
* Regressed with low temperature data (WWC) only, high temperature data not included 
The equilibrium partial pressure of CO2 (PCO2*) is measured at low temperature (20 100 °C) using the 
WWC [4], and high temperature (100 160 °C) using a total pressure apparatus.  The apparatus and 
method of the total pressure experiment are identical to those used by Xu [9].  The results from both 
experiments are regressed together using a semi-empirical model which expresses PCO2* as a function of 
temperature and CO2 loading (Equation 5).   
   (5) 
The parameters of the model for each solvent are summarized in Table 3.  
2.4. Thermal degradation 
Thermal degradation experiments were performed at 135 175 °C.  The experimental methods are 
describes by Freeman [10] and Namjoshi [11].  Amine degradation was measured as the change in amine 
concentration with time, and the degradation rate is reported as the apparent first order rate constant of 
amine loss (k1).  For a blend, k1 values can be measured for each amine and also for the total amines (TA) 
in the solvent.  The degradation reactions are assumed to be first order with amine concentration.  Thus, 
using k1 measurements at multiple temperatures, the activation energy (Eact) for degradation can be 
calculated using the Arrhenius equation for reaction rate constants: 
          (6) 
For a blend, Eact can be calculated for each amine species and for the total amine.     
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While the rate of amine loss increases with increase in temperature, the energy performance of the 
process improves with higher stripper operating temperature.  Stripper operating temperature is limited by 
the rate of thermal degradation, and the optimum corresponds to the maximum tolerable rate of amine 
loss.  Previous work by Davis suggests the acceptable rate of degradation (k1) for 7 m MEA is 2.9x10-8 s-1 
with stripper temperature at 121 °C.  This optimum is calculated by the trade-off between the cost of 
MEA loss and the energy benefits of higher stripper temperature and pressure [15].  Assuming this trade-
off is consistent for different amines, the optimum stripper operating temperature (Tmax) for each solvent 
is defined as the temperature which corresponds to an overall amine degradation rate of 2.9x10-8 s-1.  Tmax 
can be calculated using k1 and Eact measured at the practical amine concentration and CO2 loading, which 
is important as k1 depends strongly on these conditions [10].  In cases where Eact is not available, the Eact 
of other amines with similar structures and degradation mechanisms is used.  This approximation is 
acceptable since the Eact does not change significantly between amines with similar degradation 
characteristics [10].  The results for k1 at 150 °C, Eact, and Tmax for each blend are summarized in Table 4.  
The blends are compared against the degradation rate of the amine by itself.    
 
Table 4: Summary of thermal degradation rate, activation energy, and maximum stripper temperature for 
PZ blends and amines in the blends 
Blend Amine 
PZ (m) / 
Amine (m) CO2 
k1 (  109) * Tmax Eactb Ref Amine 
CO2 
k1 * Tmax Eact Ref 
PZ Am TAa °C kJ/mol  m  109 °C kJ/mol  
6 / 2 HMDA c 0.4 / / 7.5 161 PZ [11] 8 0.3 9 c 160 PZ [10] 
6 / 2 DAB c 0.4 9 90 13 157 PZ [11] 8 0.4 147 c 127 PZ [11] 
6 / 2 BAE c 0.35 6.9 7.2 7.0 162 PZ [11] 8 0.4 11 c 158 PZ [11] 
5 / 2 AEP  0.3 10 28 15 155 PZ [8] 2.33 0.4 1306 d 121 PZ [10] 
5 / 2.3 AMP 0.4 90 256 133 138 99 [7] 7 0.4 86 137 MEA [10] 
4 / 4 2MPZ 0.3 / / 16 155 PZ [10] 8 0.3 25 151 PZ [10] 
3.75 / 3.75 1MPZ  
/0.5 1,4DMPZ 
0.3 8 / 10 159 PZ [10] 
8 
(1MPZ) 
0.3 36 148 PZ [10] 
2 / 7 MEA 0.4 1200 683 608 104 84 [10] 7 0.4 828 121 157 [10] 
2 / 7 MDEA 0.11 486 42 61 138 PZ [20] 7 0.1 283 128 MEA [20] 
8 PZ 0.3 6 / 6 163 184 [10] 
 7 MEA 0.4 / 828 828 122 157 [10] 
* k1 is the apparent rate of amine loss at 150 °C, with the unit of s-1 
b Eact is calculated based on the k1 value for total amine loss (TA) 
c Extrapolated from data collected at 175 °C using listed Eact 
d Extrapolated from data collected at 135 °C using listed Eact 
 
When PZ is used together with HMDA, BAE, 2MPZ, 1MPZ, which are thermally stable by 
themselves, the blends are also stable.  DAB and AEP are both less stable amines, but when blended with 
PZ they do not affect the stability of PZ.  Also, DAB and AEP are present at low concentration in the 
blends, the overall degradation rate of the blends is still competitive against other stable solvents.  Also, 
AEP is identified as a major stable degradation product of PZ.  Thus, in a blend of PZ and AEP, the two 
amines are close to chemical reaction equilibrium which inhibits degradation reactions.  The blends of PZ 
with MEA, MDEA, and AMP all degrade at much higher rates than the amines if used by themselves.  
This is because PZ, as a strong nucleophile, will react with alkanolamines (or their respective 
oxalzolidinone) such as MEA, MDEA and AMP in a blend and result in additional degradation pathways 
[10].  
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2.5. Process performance 
The values of the following properties for all PZ blends are summarized in Table 5.    
 
Solvent capacity ( Csolv) 
The nominal operation lean and rich loading with PCO2* of 0.5 and 5 kPa at 40 °C are calculated for 
each solvent using the semi-empirical model (Equation 5) and its regressed parameters (Table 3).  The 
solvent capacity can then be calculated using the difference between the lean and rich loading ( CO2) and 
the total alkalinity in solution (Equation 7): 
    (7)   
Csolv is the difference in CO2 concentration between lean and rich loading, it represents the amount of 
CO2 removed per unit mass of solvent (amine and H2O).  With higher Csolv, less solvent is required to 
remove the same amount of CO2.  Csolv directly relates to the sensible heat requirement, pump work, and 
the optimum design of the cross-exchanger.  
 
The Csolv for concentrated PZ blends are about 20% lower than 8 m PZ and 15% higher than 7 m 
MEA.  6 m PZ/2 m HMDA has Csolv (13%) lower than all other concentrated PZ blends and only 
slightly higher than 7 m MEA.  Csolv depends on delta loading, total concentration of alkalinity, and 
amine mass (Equation 7).  Thus, it is sensitive to the molecular structure of the other amine in the blend 
and the total amine concentration.  Blends using primary diamines (HMDA, DAB, BAE) and AEP have 
lower delta loading which results in lower Csolv.  PZ blends using large amounts of hindered amines (2 
m PZ/4 m AMP) or tertiary amines (MDEA) have large delta loading.  For 5 m PZ/5 m MDEA, which 
also has a high concentration of alkalinity, its Csolv is significantly higher (11%) than 8 m PZ. 
 
 
Figure 4: Comparison of absorption rates and solvent capacity for PZ blends and other solvents for 
coal flue gas.  Filled diamonds: PZ blends; Empty diamonds: amine solvents; Empty circles: base 
case solvents 7 m MEA and 8 m PZ; Triangles: amino acid salts.   
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The absorption rate and Csolv of the PZ blends are compared in Figure 4.  Also plotted are results for 
the amines used in the blends and amino acids.  In general, the absorption rate of the PZ blend (solid 
diamond) is better than that of the amines (empty diamonds).  For the PZ/AMP blends, a higher ratio of 
amine/PZ resulted in higher rate and Csolv.  The opposite was observed for PZ/MDEA, where a higher 
ratio of amine/PZ produced lower rates and Csolv.  The PZ blend with the best properties is 5 m PZ/5 m 
MDEA, and the least attractive blend is 6 m PZ/2 m HMDA.     
 
Table 5: Summary of lean/rich loading, capacity, and energy performance properties for PZ blends 
PZ (m) / 
Amine (m) 
CO2 
(mol/mol N)  CO2 
Capacity  - Habsa (kJ/mol) Tmax Pmax PCO2/PH2O 
b 
lean rich Csolv C  mid a leam °C bar cP 
6 / 2 HMDA 0.37 0.43 0.06 0.55 0.49 68 75 161 20.1 2.61 15.4 
6 / 2 DAB 0.34 0.41 0.07 0.68 0.66 63 69 157 11.7 1.3 11.6 
6 / 2 BAE 0.33 0.41 0.07 0.69 0.66 70 72 157 14.2 1.8 11.7 
5 / 2 AEP 0.30 0.37 0.07 0.68 0.67 71 75 155 15.4 2.2 10.9 
5 / 2.3 AMP 0.33 0.43 0.09 0.70 0.71 71 77 128 5.3 1.4 9.5 
5 / 5 MDEA 0.21 0.35 0.13 0.98 0.91 69 74 138 7.2 1.52 13.2 
4 / 4 2MPZ 0.29 0.39 0.10 0.89 0.88 66 72 155 12.8 1.7 10.5 
3.75 / 3.75 1MPZ 
0.5 1,4DMPZ 0.23 0.33 0.10 0.87 0.83 71 74 159 17.0 2.2 12.4 
d 
2 / 4 AMP 0.33 0.48 0.15 0.77 0.90 73 77 128 5.6 1.45 5.4 
2 / 7 MEA 0.38 0.46 0.09 0.59  73 78 104 1.8 0.79 
2 / 7 MDEA 0.13 0.28 0.15 0.80 0.82 68 72 138 6.3 1.17 9 c 
8 0.31 0.40 0.09 0.86 0.84 67 71 163 16.5 1.8 10.8 
7 MEA 0.43 0.53 0.10 0.50 0.67 72 76 121 3.8 1.1 3 
a Heat of absorption at the mid loading condition (PCO2*= 1.5kPa) 
b The average viscosity between lean and rich loadings at 40 °C 
c Measured at solvent lean loading (PCO2* = 0.5 kPa) 
d Viscosity for 5 m PZ/2 m 1MPZ/1 m 1,4DMPZ. Ref [10]. 
 
Heat of absorption ( Habs) 
The heat of CO2 absorption for each solvent can be extracted from the equilibrium data by applying 
the fundamental thermodynamic relationship to the semi-empirical model (Equation 5): 
    (8) 
The expression in Equation 8 requires constant pressure and composition of the system, which can be 
assumed to be valid as the changes in these values are small within the relevant range of process 
conditions [9].  At constant stripper temperature, solvents with higher heat of absorption are expected to 
have lower overall energy requirement [14].   
 
Overall, the variation in the measured value of practical Habs for the PZ blends is less than 10 kJ/mol.  
5 m PZ/2 m AEP, 6 m PZ/2 m BAE, 2 m PZ/7 m MEA, and the two PZ/AMP blends have higher 
practical Habs than 8 m PZ and competitive with 7 m MEA.  The practical Habs is measured at the 
midpoint between the lean and rich loading of the solvent.  Since Habs decreases with increased CO2 
loading, the practical Habs depends both on the pKa of the amine and the loading range of the solvent.  
Hindered primary amines (AMP) and their blends have good practical Habs, as they typically have high 
pKa and low lean loading.  
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Maximum stripper pressure (Pmax)
Solvents can be rated for energy performance by their maximum stripper operating pressure (Pmax). A
better solvent provides higher stripper pressure, which corresponds to lower Wcmpression and lower overall 
work [2]:
(9)
Pmax can be calculated as the sum of the partial pressure of water and CO2 exiting the stripper, with the 
partial pressure of the amines assumed to be negligible:
10)
The vapor pressure of water is calculated using data from the DIPPR database [17], and the partial
The partial pressure of CO2 in the stripper is
assumed to be at equilibrium with the lean loading of the solvent at Tmax, which can be calculated by 
integrating the thermodynamic relationship in Equation 8 from a standard temperature (40 °C) to Tmax:
) (11)
Alternatively, PCO2,lean* can be calculated using a semi-empirical model at solvent lean loading and Tmax.  
Solvent Pmax depends most significantly on thermal stability (Tmax).  All thermally stable PZ blends
have high Pmax (above 10 bar), whereas the alkanolamine blends (MEA, MDEA, AMP), which are
thermally unstable with low Tmax, have Pmax about 50 80% lower than the other blends. Solvent Pmax
depends, to a lesser degree, on solvent Habs at lean loading. While 6 m/PZ 2 m BAE, 6 m PZ/2 m DAB,
and 5 m PZ/2 m AEP, all have similar Tmax, 5 m PZ/2 m AEP and 6 m PZ/2 m BAE have higher Pmax
because of their high Habs.  
CO2 to water ratio (PCO2/PH2O)
(12)
Water is vaporized along with CO2 during the stripping process, and the heat loss associated with this
stripping steam contributes to the work loss at the reboiler. The ratio of PCO2 and PH2O exiting the stripper 
represents the amount of CO2 removed relative to heat loss through stripping steam. A high ratio of 
PCO2/PH2O corresponds to more efficient stripping and better energy performance. Like Pmax, PCO2/PH2O
increases with increase in solvent Habs and Tmax. Solvents with high Pmax also have high PCO2/PH2O, but
PCO2/PH2O is more sensitive to variations in Habs. 
Cross-exchanger optimization 
Figure 5: Diagram of cross-exchanger temperatures
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Cross-exchanger optimization involves evaluating the trade-off between the capital cost of the 
exchanger and the value of sensible heat requirement.  The capital cost of the exchanger is a function of 
the cost per unit area (A$), solvent heat capacity (Cp), temperature difference between two solvent 
streams  ( Csolv), and the temperature 
gain by the rich solvent (Equation 13). 
      (13) 
The sensible heat requirement is the result of cross-exchanger inefficiency, which increases with increase 
p and capacity (Equation 14).   
     (14) 
In order to assign value to sensible heat, the equivalent electric work by the steam used in the reboiler is 
calculated assuming a Carnot cycle efficiency and 0.75 turbine efficiency (Equation 15), and W$ 
representing the cost per unit of electricity.   
  (15) 
The total cost associated with heating the solvent equals the sum of the two costs (Equation 16),    
   (16) 
Equation 16 p across the exchanger.  Topt for the cross exchanger can be 
solved, which minimize the total work.  The quantity Trich,out  Trich,in is assumed to have negligible 
dependence on T and treated as a constant.   
     (17) 
Topt depends on the cost per unit area relative to the cost of electric work, Carnot efficiency, temperature 
change across the exchanger, and the heat transfer coefficient of the solvent (Equation 17).  An empirical 
correlation for liquid heat exchangers by Colburn [18] relates the liquid film heat transfer coefficient (h) 
to the liquid velocity (G), heat capacity (Cp), heat conductivity (k), and the diameter of the 
exchanger (Equation 18). 
    (18) 
While viscosity differs significantly between solvents, other heat transfer properties remain relatively 
constant among different amines.  Assuming the Colburn relationship is valid for common exchanger 
geometries, h can be written as dependent on viscosity only, where a is the combined constant for all 
other terms in the correlation (Equation 19).    
    (19) 
Using Topt and h in the total cost equation, the minimum cost of heating with optimum exchanger design 
is inversely proportional to Csolv and scales to solvent viscosity to the 0.25 power (Equation 20).    
  (20) 
Based on this cost dependence on solvent properties, a normalized solvent capacity can be defined: 
          (21) 
C  normalizes solvent capacity by viscosity of CO2-loaded solvent relative to a standard viscosity value 
(10 cP, of loaded 8 m PZ).  C  is a more direct representation of relative energy performance than 
mass-based capacity ( Csolv, Equation 7).  For PZ blends, 2 m PZ/4 m AMP has Csolv less than 8 m PZ, 
but also viscosity that is about 50% of 8 m PZ.  Thus, the C  for 2 m PZ/4 m AMP is about 10 % better 
than 8 m PZ.  Thus, the relative performance of a solvent can change significantly due to viscosity.   
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The effect of pressure drop on heat exchanger performance was not included in this optimization.  The 
velocity of the liquids (G) and the geometry of the exchanger are assumed to be constant.   
2.6. Volatility 
Amine volatility was studied using an equilibrium reactor with a re-circulating gas stream, with the 
gas phase composition analyzed online by a multi-component FTIR.  The experimental apparatus and 
methods are described by Nguyen [16].   
Intrinsic volatility of the amines was studied by measuring the VLE of amine-water systems.  The 
is calculated from experimental data (Equation 22).   
      (22) 
F , dilute amine concentrations were used.  At dilute conditions, the 
activity coefficient of the amine at infinite dilution ( ) is approximately one
constant can be calculated from amine partial pressure (Pamine) measurements.  A structure property 
correlation for Hamine* was developed using experimental results and literature data (Equation 23).   
 (23) 
 
Table 6: Parameters for the structural property correlation for Hamine (Equation 23) 
Parameter Value Standard error 
N -7.10 0.49 
NH -4.29 0.26 
O -3.19 0.16 
Ncyc -2.83 0.16 
NH2 -1.29 0.21 
OH -0.34 0.19 
Ocyc 0 0 
C 0.013 0.05 
CH3-(C) 0.260 0.09 
CH3-(Ccyc) 0.281 0.20 
Ccyc 0.660 0.07 
CH3-(Ncyc) 1.88 0.10 
CH3-(N) 3.92 0.25 
Intercept 6.95 0.31 
B 6840 423 
 
Hamine for new amines can be predicted using Equation 23.  The measured or predicted Hamine for the 
amines used in the PZ blends at 40 °C are summarized in Table 7.  High amine volatility leads to higher 
amine loss with the exit flue gas at the top of the absorber.  For the amines used in the new PZ blends, 
BAE and AEP have lower Hamine than PZ.  HMDA and DAB have Hamine slightly higher than PZ, but still 
lower than MEA.  AMP is a volatile amine, with Hamine about 3.5 times that of MEA.   
 
solvent in the absorber also depends on the concentration of the amine in solution and solvent CO2 
loading.  At zero CO2 loading, the expected Pamine over the solvent equals to Hamine multiplied by the mole 
fraction of the amine in the liquid (Table 7).  HMDA and DAB have high Hamine, but the volatility for 6 
m/PZ 2 m HMDA and 6 m PZ/2 m DAB is not high due to the low concentration of the volatile amines.   
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Table 7: The practical amine partial pressure at 40 °C for the PZ blends  
PZ (m) / (m) Amine 
Zero CO2 loading Loaded solvent 
Hamine Pamine Pamine PPZ CO2 
Pa Pa Pa Pa 
6 / 2 m HMDA 85 2.7 
6 / 2 m DAB 83 # 2.6 
6 / 2 m BAE 3.4 # 0.1 
5 / 2 m AEP 14.4 # 0.5 
5 / 2.3 AMP 350 12.8 5.7 c 0.6 c 0.3 c 
5 / 5 m MDEA 22.9 1.7 0.16 0.5  0.21 
4 / 4 m 2MPZ 66.8 4.2 0.85 0.1 0.32 
3.75 / 3.75 m 1MPZ  
0.5 m 1,4DMPZ 
1MPZ 332 
DMPZ 2183 
1MPZ 19.6 
DMPZ 17.6    
2 / 7 m MEA 98.7 10.7 
2 / 7 m MDEA 22.9 2.5 0.61 d 0.18 d 0.1 d 
8 m PZ 50.9 6.4 0.77 a 0.31 
7 m MEA 98.7 11.0 1.27 b 0.43 
  a ; Ref [9] 
  b ; Ref [9] 
  c Ref [7];  d Ref [16]; # Values predicted using Equation 23 
 
CO2 loading further reduces solvent volatility by reacting with free amine molecules and producing 
nonvolatile products.  Experiments were performed for CO2-water-amine systems and the Pamine at 
absorber temperature was measured.  Pamine for CO2 loaded solvents is much lower than Pamine at zero 
loading for all solvents.  Pamine of AMP in loaded 5 m PZ/2.3 m AMP is still significantly higher than 
amines in other loaded solvents.  Comparisons should also be made for Pamine against the environmental 
toxicity limit of the amine.  
2.7. Oxidative degradation 
Oxidation of amines at absorber conditions was studied in the high-gas flow (HGF) and low-gas flow 
(HGF) apparatuses.  The experimental conditions were 55  70 °C with 2% CO2 in air (HGF) or oxygen 
(LGF) in most experiments.  Oxygen mass transfer was provided by vigorous agitation (LGF) or sparging 
the liquid with a high gas rate of 7  8 L/min (HGF).  Other details of the apparatuses have been reported 
previously [19]. 
 
Amine oxidation by molecular oxygen produces ammonia, heat-stable salts (primarily formate), and 
other products.  Changes in amine concentration are often too low for precise quantification of the rate; 
therefore ammonia or total formate (formate + formamides) production is used to estimate the oxidation 
rate from amine solutions.  The ratio of amine loss to formate (0.1-0.4) or ammonia (0.7-1) production 
was determined experimentally for MEA and PZ under a variety of conditions. 
 
NH2 R + O O  NH3 + OH
O
H  
+ other products 
Results indicate for ammonia production in the HGF show a strong dependence on the type of catalyst 
present.  Iron and copper was a more potent catalyst than iron alone for every amine or amine blend 
tested, whereas manganese behaved as a catalyst or an inhibitor in the presence of iron and copper.  
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Table 8: Ammonia production rates (mmol/kg/hr) 
from various solvents in the HGF apparatus with 
air and 2% CO2 at 70 °C with iron (Fe), copper 
(Cu) and manganese (Mn) added at 1 mM 
concentration  
Table 9: Total formate production rates in various 
solvents in the LGF apparatus with oxygen and 2% 
CO2 at 70 °C with various metals (SSM=Fe, Ni, Cr) 
 
m Amine / m PZ Fe Fe/Cu Fe/Cu/Mn 
7 BAE 5.46 13.9 13.6 
8 AEP 2.42 -- -- 
4 AMP / 6 <0.02 1.89 0.12 
2 HMDA / 6 0.03 1.35 2.56 
2 DAB / 6 <0.02 1.1 0.53 
8 m  1MPZ <0.02 -- -- 
8 m 2PE <0.02 -- -- 
8 m PZ <0.02 0.37 0.03 
7 MEA 0.9 6.6 11.6 
 
 m Amine 
/ m PZ 
Total Formate 
Rate 
(mmol/kg/hr) 
Catalyst 
2  AEP  a 0.089 SSM+Mn 
2 AEP /5 a 0.076 SSM+Mn 
2  HMDA / 6 0.095 SSM+Mn 
MDEA b 0.039 SSM 
7 MDEA/ 2 b 0.072 SSM 
4 m 2MPZ /4 c 0.021 SSM+Mn 
8 m PZ d 0.031 SSM 
8 m PZ a 0.026 SSM+Mn 
7  MEA 6.65 Mn+Fe 
7  MEA 3.64 Fe 
 
  a Ref [8]; b Ref [20]; c Ref [21]; d Ref [10] 
 
MEA, BAE, and AEP all showed significant ammonia production in the presence of iron only, 
whereas AMP, HMDA, PZ, 1MPZ, and 2PE produced very little or no ammonia.  In the presence of 
copper and iron, 8 m PZ was the most stable to oxidation. 
 
Results from the LGF are similar to those from the HGF.  The total formate rate for each experiment 
was calculated from the final sample only for consistency.  Production of total formate in MEA was much 
greater than in straight PZ or any of the PZ blends tested.  In both experiments, AEP and HMDA showed 
greater susceptibility to oxidation than straight PZ or PZ/2MPZ.  Manganese, which is a strong catalyst of 
MEA oxidation, had little effect on the total formate rate in 8 m PZ. 
3. Conclusions 
i. The practical absorption rates (kg PZ blends are competitive against 8 m PZ 
and other PZ blends, which are about 1.5  2 times that of 7 m MEA.  The only major exception 
is 6 m PZ2 m HMDA which has a lower rate close to 7 m MEA.  Practical absorption rate of PZ 
blends is not dependent on the concentration of PZ or the reaction kinetics of the other amine, it 
is a strong function of the viscosity and practical lean loading of the solvent.   
ii. All PZ blends have no precipitation limitations in the rich loading range (0.45 mol/mol).  With 
the exception of 6 m PZ/2 m HMDA, all PZ blends have either less restricting solubility 
boundary at lean loading (0.2 mol/mol) or no limitations.  
iii. 6 m HMDA/2 m PZ, 6 m PZ/2 m DAB, 6 m PZ/2 m BAE, 5 m PZ/2 m AEP, 4 m PZ/4 m 2MPZ, 
and 3.75 m PZ/3.75 m 1MPZ/0.5 m 1,4DMPZ are thermally stable and have overall degradation 
rate (k1) competitive with 8 m PZ.  The k1 for 8 m DAB, 2.33 m AEP, and 8 m 1MPZ are not 
stable by themselves, but do not affect the overall degradation rates when blended with PZ.  
Blends using PZ and its identified stable degradation products (AEP) tend to have reduced 
degradation rates as the amines reach reaction equilibrium.  Blends using PZ and alkanolamines 
(MEA, MDEA, AMP) are thermally unstable, as PZ will react with the amine at a high rate.  
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iv. Concentrated PZ blends have capacity 20% lower than 8 m PZ, and 15 % higher than 7 m MEA.  
The Habs of blends using AMP, BAE, and AEP are higher than 8 m PZ by about 5 kJ/mol.  
Solvents with the best energy performance have high Habs, Tmax, Pmax, and PCO2/PH2O, which are 
as 6 m PZ/2 m HMDA, 6 m PZ/2 m BAE, and 5 m PZ/2 m AEP.   
v. The cost of heating the solvent, with optimized exchanger design, depends on the solvent 
capacity and viscosity to the 0.25 power.  Comparing solvents based on performance of the cross 
exchanger shows 5 m PZ/ 5 m MDEA and 2 m PZ/4 m AMP as the best solvents.  6 m PZ/2 m 
HMDA and 6 m PZ/2 m DAB have similar performance to  7 m MEA.   
vi. AMP has the highest intrinsic volatility, with Hamine about 3.5 times MEA.  HMDA and DAB 
have similar Hamine as MEA, and BAE and AEP are non-volatile.  The volatility of a solvent 
depends on the concentration of the volatile amine and CO2 loading.  6 m PZ/2 m HMDA and 6 
m PZ/2 m DAB are expected to have similar volatility as 8 m PZ because the concentration of 
the volatile amines are low.  CO2 loading reduces solvent volatility.  5 m PZ/2.3 m AMP at 
loaded conditions still has significant volatility relative to other solvents.   
vii. MEA, BAE, and AEP are easily oxidized, with significant ammonia production in the presence 
of iron only; whereas AMP and HMDA produced very little or no ammonia.  Liquid phase 
analysis on formate production confirms the relative oxidation rate of AEP and HMDA.  8 m PZ 
is still the most stable solvent, with low oxidation rate in the presence of iron and copper. 
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